Abstract-A fiber-sensing scheme with controlled sensitivity comprising a fiber Bragg grating (FBG) and a mechanically induced long-period fiber grating (MLPFG) is presented. The FBG was written by exposing the fiber to 248-nm UV laser radiation such that the Bragg wavelength is localized on the slope of a resonant band of a mechanical grating, which was produced by winding a nylon string around a fiber/grooved tube set. The strength of that resonant band was altered by applying loads to the MLPFG. For different loads, the FBG was submitted to strain values of up to 2200 µε, in steps of 200 µε, during which the Bragg wavelength and the respective transmitted peak power through the MLPFG were recorded. It was demonstrated that by applying a weight with a value of 0.78 kg to the MLPFG, the sensitivity of the FBG interrogation technique to strain variations increased from 2.23 (without load) to 3.20 pW/µε.
Interrogation of a Fiber Bragg Grating Using aI. INTRODUCTION
T HE WELL-KNOWN properties of fiber Bragg gratings (FBGs) led to their intensive use as optical sensor heads, which are able to perform the measurement of distinct physical parameters [1] , [2] . In special situations, the parameters under measurement can change considerably; therefore, realtime adjustment of the sensitivity of the interrogation technique is required.
Long-period fiber gratings (LPFGs) have been used in the past for the interrogation of FBGs lying on the slopes of the resonant band [3] , [4] . In this case, the reflected power from the FBGs is intrinsically related to their positions on the resonant band. Therefore, by changing the slope of the resonant band, the aforementioned requirement can be fulfilled. In principle, this can be achieved through the large sensitivity to Manuscript bending of LPFGs, but in general, both the resonant wavelength and the strength of the resonance band change [5] .
A simple way to change the strength of the resonance band without altering the resonant wavelength is through the use of mechanically induced LPFGs (MLPFGs) in single-mode fibers. It is interesting to note that these gratings are produced by the same technology that was employed 25 years ago for the fabrication of microbend sensors in multimode fibers [6] . Since the publication from Savin et al. [7] , MLPFGs have attracted increasing attention from the scientific community, concerning not only their fabrication techniques but also their properties and applications [8] - [14] . The proposed techniques share simplicity, flexibility, and low cost. Furthermore, these reversible gratings can potentially be produced in any kind of fiber while keeping its mechanical integrity. The MLPFG formation mechanisms may be due to the simultaneous effect of periodic microbending and the stress induced by pressure or the bending itself [7] , [15] , [16] . However, depending on the fabrication technique used, their relative influence may be altered. These gratings are very sensitive to external pressures, which enable good control over the isolation loss of the resonant bands; therefore, they are being used mainly in the gain flattening of erbium-doped fiber amplifiers (EDFAs). However, this property can also be very useful in the fiber-sensing domain, aside from, obviously, the load sensor application.
In this paper, we present an interrogation scheme comprising a UV-induced FBG and an MLPFG. The main characteristic of the proposed scheme is the possibility of adjusting the sensitivity of the FBG interrogation technique in real time and in a straightforward way by altering the isolation loss of the resonant bands through loads applied to the MLPFG.
II. EXPERIMENTAL RESULTS
The implementation of the experimental setup in testing this FBG interrogation technique with tunable sensitivity involved several steps: beginning with the writing of the FBG, followed by the fabrication of the MLPFG, and finally, the assembly and optimization of the system.
For the inscription of the 10-mm-long FBG, a Corning SMF-28 fiber was hydrogenated at room temperature at 100 bar for seven days. Afterward, it was exposed through a phase mask (Λ = 1062 nm) to 248-nm UV radiation from a KrF laser. The fluence was ∼ 0.9 J/cm 2 per pulse, and the total exposure fluence was 2.1 kJ/cm 2 . After inscription, the fiber was annealed at 120
• C for 24 h. The grating reflectivity and wavelength were 73% and 1538.7 nm, respectively. The MLPFG was also fabricated in a Corning SMF-28 fiber using the technique described in [8] . A picture of the employed apparatus is shown in Fig. 1 . First, one end of the coated fiber was fixed in the v-grooved tube, while the other end was mounted on a fiber rotator. Second, the nylon string under tension, which was caused by a weight of 73.9 g that is suspended on a movable pulley, was wound around the fiber/v-grooved set. This fabrication process induces a periodic microbending in the fiber that causes coupling from the core mode to the discrete cladding modes [15] . The bending itself also changes the refractive index of the compressed and stretched regions due to the photoelastic effect [16] . After 50 turns with a periodicity of 600 µm, resonance was obtained with an isolation loss of 3.2 dB at a wavelength of 1534 nm. The fiber was intentionally submitted to strain in order to down shift the resonant wavelength from 1536 nm [8] . Note that wavelength tuning due to strain is limited to about 2-3 nm. However, if a large wavelength tuning is required, the fiber rotator can be used to twist the fiber prior to the grating fabrication. In this way, a change of the resonant positions of as large as 100 nm can be achieved [9] . In fact, a shift toward lower wavelengths of about 10 nm was obtained experimentally for a twisting rate of only 3 rad/cm.
A scheme of the implemented interrogation system is depicted in Fig. 2 . The light source is provided by the noise spectrum of an EDFA. The FBG is fixed on both ends, using epoxy, to a rigid block and to a micrometer positioner in order to allow strain to be applied to it. In one arm of the 50:50 coupler, the light reflected by the FBG goes across the MLPFG, whose attenuation bands can be changed through loads, and is detected by an optical spectrum analyzer (OSA).
To change the strength of the resonant band, weights of 377.4 and 774.7 g, which correspond to distributed line forces of 74 and 152 N/m, respectively, were placed on a flat surface over the 30-mm-long mechanical grating. Fig. 3 shows the transmission spectra of the MLPFG for the different applied loads, as registered by the OSA, which was set to a resolution of 0.5 nm. As can be seen, the isolation loss increases with increase of the applied loads. This is a result of a larger bending effect that leads to a reinforcement of the coupling coefficient [15] . For the fabrication technique employed, it is believed that photoelastic refractive index changes due to loading itself are not so important [14] . Fig. 3 also shows the FBG reflected spectrum that corresponds to the two extreme situations: 1) no strain and 2) when the grating is stretched, resulting in a strain of 2200 µε. Stretching the fiber leads to a displacement of the Bragg wavelength toward longer wavelengths. This arises from an effective increase of the grating period and also from a decrease (although a smaller contribution) of the refractive index owing to the photoelastic effect, as described by the following equation:
in which p is the photoelastic coefficient of silica, which has an approximate value of 0.22 [17] . Note that as required, the resonant wavelengths of the FBG are located on the slope of the MLPFG attenuation band. To perform strain measurement, the fiber that contains the FBG was fixed in two points separated by 250 mm, with one of them being in a micrometer positioning platform that allows for a minimum step of 1 µm (4 µε). For each particular isolation loss of the MLPFG, the FBG was submitted to a strain of up to 2200 µε, in steps of 200 µε. At each step, the peak wavelength and the reflected power were recorded by the OSA, which was set to a resolution of 50 pm. The shift of the FBG resonant wavelength as a function of strain for different loads applied to the MLPFG is shown in Fig. 4 . As expected, the value determined for the FBG strain sensitivity of 1.14 ± 0.00 pm/µε is independent of the MLPFG isolation loss. This value agrees well with the theoretical value of 1.20 pm/µε, which was obtained from the previous equation for a Bragg wavelength of 1538.7 nm. From the previous discussion, it can be concluded that the resolution of strain measurement based on Bragg wavelength shift is limited by the resolution of the OSA. As far as the optical-power measurements are concerned, the repeatability of the system depends on the stability of the MLPFG. Therefore, after mechanically inducing the grating, its strength was monitored for 1 h to allow stabilization, with the changes in the isolation loss being within 0.2 dB. It should be stressed that during a set of experiments, in which the MLPFG was subjected to load and unload cycles, further changes were within 0.1 dB. Fig. 5 shows the FBG returned optical power that was transmitted through the MLPFG, after correction of the nonuniform spectral emission of the EDFA, as a function of applied strain for different loads on the MLPFG. The measurand reading sensitivity can vary from 2.23 ± 0.02 to 3.20 ± 0.02 pW/µε when changing the MLPFG isolation loss, which translates into strain resolutions of 18.9 and 14.3 µε, respectively (depending on the minimum power variation that can be identified by the OSA in this particular setup). In a real application of this concept, the OSA will be replaced by a single photodetector unit; therefore, the noise level of this unit would be the factor that determines the strain resolution of the system. This 44% tunability interval, which can be further improved considering a larger load range applied to the MLPFG and optimization of its characteristics, can be performed in real time, which permits additional freedom to handle situations where there are dynamic requirements for the compromise between the measurement interval and readout sensitivity. However, as Fig. 5 also indicates, when the MLPFG is configured to achieve better readout measurand sensitivity for a particular position of the FBG spectral signature, the transmitted optical power is reduced. If this reduction is of significance, the increase in the resolution achieved by an improved readout sensitivity can be impaired by increase of the system noise level. In general, this decrease in optical power can be controlled to attenuate this effect. Additionally, if necessary, the spectral position of the MLPFG signature can be tuned in order to further minimize this consequence.
This technique for FBG interrogation with adjustable sensitivity shares the common problem of all fiber-optic sensors based on intensity modulation, i.e., the presence of spurious optical-power fluctuations along the system. Therefore, it is required to couple an optical-power-referencing technique to the proposed concept. In most situations, this technique can be of a broadband type, i.e., what is referenced is the total power level that is emitted and transmitted by the system. In cases such as the present one, where the measurand information acts on the narrow spectral slice reflected by the FBG, it may turn necessary to consider a spectrally selective referencing technique. This can be achieved by utilizing a second grating twin of the one used as a sensing element. These and other issues related with the referencing of intensity-based optical fiber sensors can be found elsewhere in the literature [1] , [2] , [18] .
Finally, it should be emphasized that in sensing, it is highly desirable to have high sensitivity and a large measurement range simultaneously. However, in real systems, it is not possible in general to achieve this goal because when sensitivity increases, the measurement range decreases and vice versa. Therefore, a compromise is always needed, which is valorized when the measurement system permits a change of scale. The most effective way to achieve this is through modification of the intrinsic readout sensitivity of the sensing element of the measurement system. The configuration presented here permits this, which is obviously a positive feature of its global performance.
III. CONCLUSION
We have presented an FBG interrogation scheme that explores the high sensitivity of MLPFGs to load. External pressures were applied to an MLPFG in order to change the isolation loss and the respective slope of its resonant bands. An FBG was UV induced such that its Bragg wavelength lay in the slope of an MLPFG resonant band. In this way, the straininduced FBG resonant wavelength variations were converted into related optical-power changes via transmission through the MLPFG. It was shown that the sensitivity of this conversion could be tuned by applying different loads to the MLPFG. In particular, a relatively modest increase of 78 N/m of the line force on this grating induces an increase of ≈44% on the sensitivity of the proposed FBG interrogation technique.
